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ABSTRACT

A method for predicting tile probable course of fire development in
an enclosure Is presented. This fire modeling approach uses a graphic
|,lot of five fire development ctm:_traints, tile Relative Energy Release
Criteria (RER(:), to bound tile heat release rates tn an enclosure as a
function of time. The five RI.:RC aria (1) flame spread rate, (2) fuel sur-
face area, (3) ventilation, (4) enclosure volume, and (5) total fuel
load. They may be calculated versus time based on the specified or
vmpirtcal conditions describing the specific enclosure, the fuel type
and load, and the venti, l.ation. The ca[cul.ation of these five criteria,
using the common basi_ of energy release rates versus time, provides a
unifying framework for the utilization of avail.able experimental data
from al.l phases of fire development. The plot of these criteria reveals
the prohable fire development envelope and indicates which fire con-
straint wi)l be controlling during a critical time period. Examples of
RERC applic; tton to fire characterization and control and to hazard "
analysis arc presented along with recommendations for the further
development of the concept.
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SECTION I

INTRODUCTION

The complexity and variability of fire development in aq enclosure
is a common observation in both controlled experimental fires and acci-
dental fires in rooms and compartments. A unique feature of enclosure
fire development, often observed, is a sharp increase in fire Intensity
called flashover, at wilich point all combustible surfaces apparently

' become involved in the burning process. On the other hand, there may be
an initial flare-up of highly combustible fuels followed by a shqrp
decrease in fire intensity. Alternatively, tim fire could smolder,

, go out by itself, oscillate, or develop as a steady state fire until
the fuel is exhausted. Each of thes_ fire developments presents

different types of personal and structural hazards. The complete
development of the enclosure fire depends on the complex interaction ,,,
of the fuel load characteristics, the enclosure geometry, and the
ventilation parameters.

A considerable body of experimental data exists on different phases
of general fire development such as flame spread rates (Refs. 1-10),
wood and liquid combustion rates (Refs. 6, 11-14), and ventilation-
controlled burning rates (Refs. II, 15). However, a problem exists in

applying these laboratory test data to the complex room fire situation.

Small-scale tests do not appear to scale reliably, and full-scale proto-

type fires have been required to investigate tileabove-mentioned com-

plexities (Refs. 16-22). These tests become very expensive when the
great variety of enclosures of interest Ls considered, ranging from

habitable rooms and compartments in homes, aircraft, ships, and transit
vehicles to storage and cargo compartments in many shapes and sizes.

'this study addresses tim question, "Is there a unifying concept or

L fire modeling approach which can tie together the extenstw, body of
experimental data for direct application to such practical fire hazard
situations In enclosures?" The result of this study is the definition of
a set of fivv Relative Energy Release Criteria (RERC) which provides a

means of predicting the probable course of fire development in any enclo-
sure. These five criteria are five constraints on the rate and amount of

energy released in an enclosure during a fire. It is intended that these
criteria utilize extst tn_, fire data and modeling studies for each fire

I phase and combine them [n a eoherelit nlanner in order to predict the
-- bounds of overall fire development and associated dynamic characteristicsm

as a function of time from ignition to fuel exhaustion. Calculating the

RF.RC prior to a fire and defining the fire development envelope (even

approximately) for a given enclos.ru and fire load reveal which phase of
the fire develol_mellt would be control linF durlng tilt, ma.jor or critical
portion of tilt, fire. 'rile fire developmtmt envelope, thns defined, would
indicate which phase of fire development (e.g., spread or ventilatiml
control) would need more accurate lliput lnformatioll to predict tilt, course
of tim fire or which fire control or suppression methoa would be most

uffectlvt, during the critical phase of the fire.



I:uhli._ht.qi unt'l()suru fir,, d;|L;i (Re(. 2'}) lnd|uzitu ill;it two) I It,.::
h;Iving ._|lllllzir llt, nt rt, lt0;is{ , ;tl}d tt, n|l}t0raLtlre, ¢,ll;lr;|t,tt, rist J¢':¢ :,_u, ld l)l't,:;t,lll

t, lltiru',, diffurunL II;i_;Irds dL,l_undin P ,)n wht, tl=ur tile 0 l irt, d_'vt'l*)lmltllt j._;
I'Uul {:r Vt'llL|Jiltl¢)li Ut)lltr¢:llud. I¢llrLJlt'rll|¢:rt ', if I}U(}l)lt ' ;trt, i)rt,,%_,llt ill

tilt' u,wl¢)nurt_ ;it Lilt" I)e'_illil|li_ ¢ll" LIlU f|r_', Lilt, ¢'rlLlt';iJ tJlllt, Ni';iJt,, tilt,

dt,_|r;ihl{, VUllL|lnL|t_ti t'rlt(Jrl;l, ;tl|d Lhu naLurL, t)f Lilt. Ii;iZ;ll'd ill|t, l_) _HlilJl_.t ,

and built w()uld hL.,_ qulLu dlffL, rOlll. LII;411 for fire, H|LII;ILIIHIs whl,rt, :4trllt,-

Ltlr_il damage alld f.t, rut, unLalllmt'llL would bz, tilL, i}rilllilry L't)IIt,L.FI|0

Another art, a of app]iuati()n ()f Lhu RERC 1_ in L]iu t,vzi]uzttl_m _,f

i}r,posed fJrL, tt, st l'at'[l|Llus and methods. For innl:ant'u, il i),:_nt.,l_;ur
._e,al;._ _irt, being burned In ;i Lust facJ. lLLy t'nt'lo._uru t{_ L,vHla;ll.t, III;I,":JnlLIlli

r_tLL:H _,)f seat bllrn|l;g lind smi, lke relt'asu, (_lZt, would ]:;IVU L() t'll.'4tll'L' LR,IL

tile test fire is not wqllzilati(_n c()nr:'ollt, d. 'i'h[,_ ._l)t,_,it'J_ , i)rt_l)l_,nl II,;I._
I}_'{'ll rt2t't}gll|zed In sLudying LIlt .'4ilia|l-stall, SJfllUlltL[Oll of r(_)l|l f irt's

(Rufs. 24, 25), door areas o_ tile small-scale enclosures were dulil,t, rutuly
made large relative to the rent uf the enclosure due to thu nature _t" the
m'al ing relationships for tile ventilation fact_r Ati1/2.

in this report the RI'.'RC are defined, tile calculaLion mt, th_,d is

presented, and the validity range In dist'ussed. 'l'ht, RI.:RC may I)u rtqidily
calculated as outlined and used to put p(_tentlal fire Imzards in huttur

perspective. Also, the RERC may possibly be: used to dr, fine tht, validity
ranges of current teSt/Lng and analysts methods. Examples t)f tht, :tl, l_l it'll-
ties of RERC to different ent:losures are presented using t, xistin_, i)ub -
lished data.

I-2
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SI'C'I'IIiN I I

RI,:I.ATI VI,: I,:NI,:RIIY RI'I.I,:ASI,: CRITEIIlA

it Is e,Jmmon praetlue WI|uII i_ul_lishing test ru._ult._ _1 fire prt,grt,._s
|11 ;111 ¢,llt'lllSLlrt, to prt'Hellt ;ill" tt'nlpt'r_ltllrc's ;illd ftlt,] IIIIIH*-,; Io,,-4H r;llt'H ;1!4 ;i

f'unt't[otl t_f tim;, (Ruls. ]h, 17, 26, 27). Ill the hie;h,] lilt _zpl,r_;i,'ll I,rv--
Ht,llted hurt,+ h,_wt,vurg energy rt, lt,;lst, ht'VtHllc'S the _'t,ntraJ p;Ir;llIit'Lt'r I_Pr

• fire eharaeL_rizatlon. 'l'ho tt'._t t lille pt, rluds el |ntt,rt, Ht h;iv_, v;irit,d

widely. In sew, ral rt, pnr[:._ _,ll the ;ulalyt l_';ll and _,xpt,rim_,nl:ll nu_,h, ling
of gas temperature._ w,r.mm time ill um'lo:_uro._ (t<ufs. 28-_()), tht, _lS_lZllhl)-

, tion was made that the fires would be well developed and w,ntllatlon
controlled (with a constant rate of heat release), and that the

periods of Interest for assessing potential damagu to I)rimarv :;trm:Lure
were m_iny Inlilurt,;_ or hour._ long. By e_,utrast, tlit, l)r,,tt_tYl, t , retain f Jru
tests t'onduc.ted by Far'tory lXltlLu;ll ]k,seart:h (Ref. 1<)), Battt, l. lt, (Rt'f. 18), "

and (;eorgl_l instLLttLe of 'i'echnt, logy (Rt, f. 31) wt_rt, llot vt'lltil;itlon ;'Oil-
trolled during the periods of lntert'sL_ illld Lilt, LL,NLs wt,re ct,rminatt,d

after burntng times of 8 t:o 30 minutes. The initial l, rogruss of these
fires during tilt, period of intt+rt, st ;llld Lilt' rate of fir;' l)uildufJ ;is
.tndlt'tztt, d by room gas tenli_t,r;tturt, s wt'rt' markedly influel,,t't,d I)y tilt, igni-
;:|on method and loeatLon _s well ;is by the lift, I+,ad ch;lracteriat'ies.
The fat'; that widely dlfft, ring ..iIIIt_ ,'qt'illt'S lllily Ill.' Of intert,st t';lll bt'

readily seen in aircraft t';lbi.n fires. In a fir;, fol Iow!ng :1 sttrvivablt,
;'rash, the t'ritit, al time per[,_d may be the first 2 to 5 minutt,s, and

t_oxit' g_lS _llld smoke may bu the t'rJLit'ill hazards t,_ the t,s_'ill)lng i);issell -

germ; in a slnlilzlr _llrt'riift dt|l-ing tl lght, a fire ill ;! fargo bay _r
l_lV_ll:Orv may rt"lulre t'onf:_iilllnt_nt of ]lt.'tlt lind smuke over il period of Intllly
m/nuCes unt 11 the fir,. can he e×tingulsht,d (,r until _llt, ,_irt'rat't ;'an
make +; safe landing.

In coils [dt, r Ing tilt, ,..>eve+ w Jilt, rilngt, of flit' lo,_ttrt, f i rt, haz_ird8 illld

t llllt' St'lilt'ms Oil;' might ask if Lilt, me situat isis hilVU ;lll.VLIlilI_ ill COllllllOll.

Can any coherent fire development description fit all these eases? After
review of the data from many fire test programs° it has been found t_, bt,
possible to define a simpllflt, d mathematical model for ea,'h of the, basi_"

t'OllHtroi.lltm operating on ;! fire lifter Jglll_iolls zlll b,lst,d _m the, ('Ollllllon
, frame of rt, ft, rent,t, of energ)] relt,;ist, r;itt, Q zls it t'lmt't its t+f t lmt, t.

it is fttrtht, r ;lllti,'lp;llt,d that tilt, t'Ol"YO.'-+ll, qltlill) _, t'llt'lt+,'-illl't' tt,nll,t,r-
ilL;Ires, ht,_lt flthxt, s s ._mokt, Lit, limit it'H+ ,llld toxlt' +VIm _'_ 3t'tqttl';|t i_ql:._ wm, ld
;ll._o bt, dirt,;'tie rel;itt+d t_ the' r;itt,s tit' t'nt'rFy I't,l_,:lqt, ;!mil l'ttnt't i,m ,_I
tlqlt,. 'l'lltl,'_+ Lilt' t,llt, rg,!,, rt, lt,;Imt, p;irillllt, tt, l'.,4 wol|ld bt't'tHll.' IIIIiIvJI1V. t';I_'IOI'S

l't+r t'll;ll',+lt, Lt, l-[zing _lll ;ISI>t,t'LH of tht, fire Ii+lz;ird ;llld p_m++ihlv ti,, ',ot';ll
pt,inL for iml+rovt,d fll't' test lilt ;llld .qt';ll ill); lllt'fll_d d_,vt, l_,t,l_lt,t|tH.

A. I)I:FINI'I'ION _11:Till,: I:RI'I'EI_IA

'l'ht, flvt, t,ller_v rt, lt,;iHt, t'Oll,q[rilllltS till I'irt, dt,w, lt_l_111_,llt ill ;Ill

en('lOSllrt, ;irt, dr, fined Ill t0rl11S of thrt,t, t'_+llstr;lllllm iHI tht, l';llt, i_1 t,lll,r):_,'

1979006996-TSA08
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(I) I:l._lm_' ._p.r},:l d R;lt_u. Inlti;llly lilt, r_lte _l em.rry r,.I,.,l_., , i._

¢',lntr_)ll,,d bv lilt' r,tte t_l IlrL, sprL,,'ld t_l" thu I ,lllli' _,l)r,.,*ld
v,.l¢l,' I t v.

(2) I"_*iP_I:q.urj!lJ';' ,\r!'!L)..lllLit. A ,_t,,',md c,m,_trilinr ,n ,,m.rFv
rt, lL,il.Se rilt¢, l:, r{wtchud WIll,ll tll_.' I'I;IlllL' hils :;pr,,,ld t,, JlIV_,Iv,,

Lilt' L¢IL;tl tU,'I stiff;let,. If iI_lL ,'.c)nstr;lillt'd hy ,IV,lil,ll,]_, ,lil_
tilt' I'iru Wtulld hllrll ;11 il htql[ ruit,ih,-ie riltL' I)r{qJ{,rl i,Jtl,It l*_

tilt' _,XlnL_ed lllt, I ;|rt,,10 A,'R I_llrllJlllg jJl:'tJc_ed_ t!il_lllg_.L_ 111 I'llt'j

I. +lrL,+l ;llld othl>r fllei chnrnctc, rl.,-It.I(,._ +|ltt, r tilt, hl_,;ll rt, lt,;i,qt,
rnL¢,,+i.,,Itll_.Fll_,,]._UPl)ly dlmlni.,.lhf,,.,,i.

(}) V_'.nt.il_l.t.i_,j__/,..l.m.i.t. A third c_ulsLrnint ,)n _.ll{,r_;#,' rt, l_.,_;;t, r..it_.
IS t,llt'i)llllt++ri,(lwhen tll_, comhu.Mt 11111 i)t.C{Hllt,P-;VL'llt lint i_.ll t.iill-

tr,)lled. While tht, fire I_ vuatilaLl_)n c(mtrt_lle(l, lilt.rilte

t_f _'llt'r_4yl'¢'Itql.,4{,In the en('lost,rt, is indel)undvnt (_! lhe lut.l

_llrl'_lt'(, ] trill t° ,.

(4) I!.nj'.l._):surs_ V_olujll_.. A t'lHl._itr;llllt _.111 t t_t,'/!. _.'ll_'l'gy r_;l_,,l:;_, ill

tilt' t)llCl()sllrt . [s dut, to Jilt, depletion ,)1" tilL' /nit iill {):,Lx'_,t.ll
supply if w, nt i lalt:lon is limited, as in ii ('l{)sed)'_)()m (,1"
._t,lllt, d colllpglrtlnt,llt.

(5) Fuel I,oad. "rl_e fifth constraint is the t()t;il fuel load.

These five Fire development consl.rntnt._ are called RI.:R(: bV,';lllSe

numerical approximgttions (}f their wtlues can be rend_.ly cnlculglted, mid

timy can bt: represented graphically as simwn in Figure 2-I. t':4i.ng tilL'

ln[t*al graphical representati.on of Lhe RI.:R(',, one can asses,_ tht, p()ten- #

tial tmlmrtance of each cun._tratnt and review the adequacy of the Vil!llL'S

calculated. The rel_,tive effect ()f changes in the fire ('(mstr;lints c_m

be esttmoted. Questlon,,_ ('an be nnswered, Sll('has whether I;l('tor-(_lT-twt)

changes t.n flitme spread rate, fuel surface ;tren, room v()Junle, {_1" vt,ntila-

t.lon t)l)etlillgS would at)prc,{,i;tbly alJtt!cL tll_' fire (.it,veJoplllt, n[ rilte.

Those v,',_rking l,ntimately with _l p;irLiculnr type _,l firt' !l.lz.ird

(t,.g._ dwellings) or with ;i particular phltse of fir_, dev_,l_q_ment (t,.g.,

fire spr,,;id) IllilV (illL'StiOll Lilt, vgllldltv or V;l|UL, ill" snctl ;I g_.,ll_,l',ll ,lt_t)l'_X-

ImatL(m; but t(_r specific ilppliciltlons, It is likely tll,lt Ill,, fie,, _'ri-
teria ;ir_, in l;l_'t I)einR iippllt,d (Rt, Fs. 2), ._7 28) t, itil{,r inttliti,,,,,Iv ,r

specit'ic;llly, ;zltll_,ll),ll other I)hysi('nl (ltlilllt [Lies nrt, ;list} ilSCd. Itl,, m, mt

vzliU_lble gipl}l iCilt l_ll ()f this p_rnpll[(,;ll repr,,sent;iti,m 111;1,;!_t, t_, i1_,%, :_it-
ugltt()ns (i.e., t(_ lll;lkt, ,_rdel'-{,f-nl;l)gnltlld_, est inl;iLt,s) illld t,_ r,i, i lil._t,.

tilL' _lpplJcntioll of ilVdllill) lt, l'ir,, teclln{,lt)bLv t._, llt'W 1)r{)blt,n_ ;ir_._:,.

B. CAI,(;ITI,A'I'IN(; ANI) I'l,0r'rlN(; 'ItlE (:R I 'I I.:RI,\

I'll,' I_{'.1[ illll.q ('l" tilt' five ,'(Hl:itr_lJ[l[ {'llrV_: _ ;ll'_' illd_'p_ildCall ,,1

_';tch _tllt,r, mid tlh,lr rt, lll: let, ln,._it it_q:4 th, l lilt. W!lJ(,h pilrl ictzl.ir t'll,'l},V
rt'l,,;is_, t'_mstr,lilll will l,_, _'(,lltr_lllllg ;It ;I pnrtJ_'ul,lr [ Jllli, ,'I !if',,

d_.,w,l(H)lllt, nt. 'lh_, _impl iFIud ,'i_]cul;iti_m _f t,,ich crit_,l'i,,ll in t..rrc-: ,,:

I
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over the surfat_e and, therefore, directly proportional to the pool area.
As an upper bound, the constant value of the regression rate ('u4.5 ram/
rain) is generally used for pools greater than ]-m diameter (Ref. 34).
See Figure 2-2. For a pool of burning gasoline, tile heat release rate
may be expressed as

o

i Qf
! --- 2500 kW/m 2

, Af

For wood arranged in cribs, a maximum heat release rate per unit
area of exposed wood has been measured experimentally to be about

O

Qf ,
--= i00 kW/In?
Af

r

Experimental values of heat release rates for different woods and crab

arrangements vary from 50 to 200 kW/m 2 (Refs. Ii, 34, 35).

Some limited data are available for solid materials such as timber

(Ref. 35), particle board (Ref. 36), and plastics (Ref. 6)) including
data on heat release rate versus time and irradiation level. Tilese data
indicate that reasonable maximum values could be defined for most materi-

als with a limited testing program. The heat release rate calorimeter /

(Refs. 6, 36, 37), wlth provision to also measure mass loss rate, may be

a most useful test method for evaluating fuel-surface-limited burning
rates.

A special case of fuel-s,,rface-limited burning arises for carpet
burning, where a carpet is defh,ed as any thin combustible bed of fuel.
If flame spreads across a carpet at a rate v and the total heat of com-

bustion per unit area of the carpet is Q/A, then a combustion waw,

(ignition, combustion, extinction) can be visualized travel inR across the,

, carpet of width b such that the total heat release rate for rectilinear
fire spread would be

O

' qs = (q/A)bv

For radi,'llspread from a point, the,heat: rel_mse raft, during the IImu of
tmlform spread would be

o

(,)s-- 2_(Q/A)v2L

2-5
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Tilt, st, .'tirol)It, t, xtirt_s_lon_t art_ not lntt,ndt, d t() dt,._rribi, tilt, hurili;l_,,

{if il ('ilrl;it0t iltit'Lirittl+ly hilt r_lthi.,r ill ill)[)roxlnlil{-t., thi, b()iindlnt4 v;llu,,_, (,I
ht'Ll_ rultul,_u rnti., durlllg ti|(a initial lihHHt, lif tile, fill, ;nl(I t() id¢.nt {1\'

tilt+ t'tltltr(l[l trig pltrlllllett, r)-l.

'_. Vt, nL | I;iL loll I.imlL

'rhi, jlht_rililnl,l}Oll {if V('II[ l lntJ()il-cnnlr_)llt,d hiirllillg Ii;tn lii,{,ll w{,ll ,Jn, i-

]yzt,d both t, Xl)Orlnlt, llt,iI ly mid illi;llyl|{,ill ly. (:ot..l i,lirl't,];il lit,, Ii,iH hl,{i,
• ()ht;!llie(I lietwi.,en wood crib ciillilitL_t ion rlit._,n I( itllt| _l vl,tlt | lit! iotl t;l_,t _,1"

At! I/2 whe, rt, A I_ tilt, v_,rit oDt,n|n _ ar_,a lilll! II Is tht, w,rt i_,;ll ll_,l>,,hl i_1

the, opt,hlnl_ (l"l_urL, 2-1). 'rhl, t,y.nrL*sslon for wood Imrnln)_ r;it¢,,

--Ik- = _, k_/mln m-5/2
Atl I/2

al)l)ears ko bt, well w, rlflu, d by both ,_et,_ of d;ita in i,'i),lire 2-} (R_,i._. 11
mid 34). Also, LIlt, rnLk, o! d|rflow |lifo lilt k,llclo..-lllr_, ill whlcll il strnLi-

rlod In%,er {,f hot gil._l IlnH Ilet, i1 esiahl JHIic,d t'ilil Ill.' l'nl¢lllnll,d Oll till, 1.,Hi_

of dell_lty d|f|'t, rt, llt't,._l wlLlliil the t, llCItiHiil't,. A i'olaLloil,_!_iD l or <' ! 'l-
o

I_ltilil4 Lht, ni_l_li_ltlill airflow l?_it_, Ill lildut't'tt llll;o Lhe t'ill'lo,_'.lF°' ml_'i,_'7 (_t'
flre 1,_ (,R_,f.38)

° _l/2AIII/:))m = |).I._)'":"(,) k£1slilt

i

i The theoretical alliount iif l, nl_i't4y I'elt, used bv ii t_{w,n wi'it'ht of ;ill"

dur{ll_ the coillbu_tlon (if a_ ort4_lillc' fuel (i,t,.) (',_1tv) varies only ._1 ll4ht-

ly ,)vt,r a range of fueL_ alld conlbu,_tLoll condlt Ions, 'rh_,oret ical valui,s
Of ht.'iit releli.'-le per uniil: Inll._l,_l (if air hnve tit, l.,ll calculated for fuels with

l.he hydrogt, n-fco-cnrliiin ral;it) r;lnl4lng froln I I;o 4 mid For t,()nlbll,_itiOll

tiroducts w itli the ¢arbon-mono:_idc-Lo-carl)on-dio_ ide rat fo rang lng f rolli 0
to 0.7. '['hc heat r¢,lelisc, calculated for tht, st, condJtion,,¢ varlt, s be{wi, i,n

, 45 and 48.3 kW-nl|ii |)_.'.r kilogram of air buriit_d.

Ba,_ed on il lit, at rcl_,a,_e t't)r air tif 48.3 kW-lllill l>i,r kllolu'am of air

btirlled, wllich t'_lll alil)ly ti(lual ly to wood ;illd it' h vdi'oi'ilrl)oll_, tiio hi'ill

rt, l.c,ase r_ltt, In Lht, t, ilt'lo,,-ItlrO ciirr_',_liontlinl4 [o lhi,<4 vt,niilnt ioll nlrt'low
FilL<' for Stilll(l,'ird COIldiLIoI1H Cilll I)t' wr|ttt, il ;ill

o

()v = I _H() All I/2 kW

'l'hl_ lit, dr rt, livlse r_lLc, in nenrly iiidt,li(,lldl,ilt ol tll_, charucti,ri,_l ic._ ()l

t, lit' hllrnlli F rnt, I mid tilt, t, tlclo._ilrt, i_t'Oltli'l.ry ,llltl v;irlt, s lit/ It' with tilt,

t, tlt'lo,_,iirt ' _1,_ {t_lllpt, rattirt, il it l,4 al_ovt, i(1(1°(:.
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Tile vet:tilation factor AH1/2 which defines tile heat released in tim
enclosure as well as the airflow rate into the enclosure also fat lil-

tales calculation of quantities such as air velocities in tlw vent and
air changes per minute. These latter quantities may be of interest In
analyzing enclosures with forced ventilation in addition to natural
ventilation.

For the forced ventilation case in which the air mass flow rate is

known, in kilograms per second, the ventilation limiting heat release
rate Qv would be

Q

qv ffi 2900 _air kW

4. Enclosure Volume

In a closed volume or sealed compartment, the total energy released

by the fire is limited by combustion of the initially available oxygen
supply. A buoyant air circulation pattern is established by the fire in
the enclosure, and combustion contlnues until the air entrained in the

flame zone becomes vitiated and depleted in oxygen concentration to a

value below tile lean combustion limit of tilefuel. In experimehLal
studies on sealed enclosure fires at Stanford Research Institute

(Ref. 39), the oxygen concentration was found to change from an inlLial
21% to a final value of Ii to 15%. The value varied somewhat with fuel.

If all the oxygen in a given w)lume is consumed by the spreading

flame, tile total energy released per unit volume can be expressed approx- /_
Imate ly an

Qe /'te_d k 58 kW-min (of air)--_ I z

Ve JO Ve m3

based on an Initial air density of 1.2 kg/m3 and a heat rclt, ast, pLr kil,,-

gram of air equal to 48.3 kW-mln.

• A constraint curve for the enclosure volume crtterim_ c_u I,,, l,,_w, cd
for tilt, btlrniilg time t e versus il uniform etlt,rgy relea-ie r;Itt, I_ I_,, tilt

folLowing _,quation:

#

58%
t o ffi -_.,

Qa

where 58Ve ls the maximum total energy which can bt, releaHt, d hv lilt,
initial volume of air In the enclosure and where (_a i._ the _lVt,l'.tl_,,(,
release rate. The hyperbolic ctlrv(, thus plotted repre,_ent_ ,') I_tt)lii_
time ('onstra[nt for a const.ant heat release rate If all tim ,_ir i:_ _t,_-

: sumed, In practice, only about one-half of the oxygen in ;m tmv_,ntt,d

i enclosure would be consumed; ht, nce, the COll_tr;llnt bt,t.omt,,n Qt,/?.

2-9
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Tile intersection of a flame spread limit curve of Qs with this
enclosure burning time curve would give the approximate duration for a
fire if it has a linearly increasing heat release rate (l_s vcrstts t)

in a sealed enclosure of volume Ve. This result is becau.,,e the area
under the Qs curve up to tile intersection with the enc.losure curve Is
equal to one-half of the value of 58Ve.

Correspondingly for fires of constant energy release in a st_aled
enclosure, the burning duration is approximately one-half of the tim<,

defined by the equation above. For ventilated compartments, the relative

locations on the RERC plot of the flame spread curve Qs, the enclosurevolume cur_,e Qe/2, and the ventilation factor curve "_v Indicates wht, ther
the fire Intensity would be affected by the initial air supply prior to
becoming ventilation limited.

5. Fuel Load

The fuel load in an enclosure includes the furniture, tim stored
items, and tilecombustible wall coverings as well as transient items

carried in by a room's occupants. Some materials do not burn and con-
tribute to the energy released until the fire intensity is quite high.

Nevertheless, the total fuel load can be defined a.,_the summa:ion of the

heats of combus=ion of all the potential fuels in the enclosure. The

course of fire development may be complex, but the limiting value of

total heat released Q will be related to the fuel load FmAH by the
expression

_t e

_0 o _'

i Q ffi Qdt = FmAH

where te Is the fire duration, Fm the fuel mass, and fillthe t,fft*ttiw, low
heat of combustion per unit mass of fuel.

A constraint curve for the fuel load criterion can be formt, d f'_r _
fire duration te versus a uniform energy release ratty, Qa which is
expressed by the following equation:

te l;m .ll/Oa

t

where FmAH is the. total energy relea.,:o of tht fut, l load.

2-10
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SECTiON Ill

FIRE CIIARACTERIZAT ION

Defining the RERC for a specific enclosure description based on tlle

foregoing simplified quantitative relationships gives considerable Jnslght

into the probable course of fire development in terms of heat rt,le.ase rate

w.,rsus time. ih,wew_r, the problem of predicting temperatures, smoke den-

sities, and toxic gas concentrations remains; and in terms of material

• response and human hazards, these are the fire characteristic.J of most
impo rtante.

The proposed approach to predicting these fire characteristics is

to use the RERC to describe an ideallzed fire model for which limiting

values of temperatures, smoke densities, and toxic gas concentrations can ,.

be calculated. This approach to fire characterization provides a frame-

work and a set of coherent relationships for comparing data from different

enclosure fires and different phases of development in the same fire.

Also, it is often useful in the analysis of experimental data to form

dimensionless parameters or ratios comparing experimental measuremtqlts

with ide:al or reference values of a variable. The following values of

fire character[silos may prove useful in the formation of such dimension- ._
]uss parame.ters.

A. TEMI'ERATURI':

/

For the enclosure firL,, one ideal Lemperaturc wilicll may bt_ defined

is a "mixed mean adiabatic air temperature" Tm. This Js tile volume-

average gas tempL,rature which would occur in tile enclosure if all tilt.heat

released is absorbed by tile initial volume of enc.losure air at constant

pressure (neglecting the fuel heat capacity and heat Losses to the

surr_,undings). '['hi:_ten,,p_,raturt,ris,, mdy be calculated a.-:

,\Tm .......
t't_V e

where Q is the h_,,=t r,,lea:_e rate iu Ll=e em'losure prior to tilL' inducti,m

of w,ntilat ion airllow, c ;lnd ,, are tilt = specific heat all(I air dtulsity,

and Vt, is Lhe ellchL_tlrt,air volume. It is apparellt, ol c,Utl'St,,LIt.lt
actudl air tt,llli)t,r:ltttrt,,,4 in {.ILL' tulclosurt, lift, also a |'ttltct ioll (_l St I',|t it i--

catiOll, he,it I.,_se_ tO tilt' surr,uindings, ;llV.l Iilduced air dilutl_m.

|lowt, v,,", in Lilt, initial :;taKe.', of il [ire, moqt ol the ht, at it; tlt;t, tl Lo
he.;it t ll,, d|r, ||lid |tilt ial ht',:lt, losses fr¢,m tilt, ¢,llt'lostlre art, sn:all. Thus,

one t:ould gdill .q(,lllt' ill:_[_',tl[ flltt) tilt' [tllt l;ll r;Itt' t) f air tt'll|ll,,r;Ittll. I'it_t,

illld tilt, eff,,ct, o! tq_closttrt, volumt, (c'.g., tt'st st'iile) on ,lit [.tqlll*_*l.ttlll't,

llit're,lSe. '['ht' formula, [_u| of il telTipt, r;itllrv straLiflt:at Ion |•llllt'ti(HI

{,dt,scribiT_, v,,rt i,,ll t,,lllpt, r,ltt/rt, variation) .llld il heat tr,msp,,rt l_UlCtion

(de.q_ribilb_ |nil i,ll lleat I_:;:; t,_ wnlls) wht'tl combined wftil tilt, "l*liI val_t,,s
t'ottltl vi_,ltl ,i I_,,tt_,r ,_ppr,,xim,_t i_m ol tilt' tt, ll|pt,l_ltHrt, tlistributi_m in ,m

I

.;f.
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occupied t,m:lo._ur_, such a,_ tin aircraf' cabin during tile tiroL, I)t,l'i_}tl pritJr
to people t'VilCu*iLiOll.

Application el tile Lq' m also provides an evnluation el l ire ,_'_llin};
effects in geonletrlcally shuilar enclosure fire tests. 'l'hu l,}ll,_winF,
example wil.l demon,_traLe these 8cal.ing etlects.

Consider three get)metrically simililr enclosure fires with lt*n_,th

scale tall.on of 1.0, 2.0_ and 3.0 (Figure 3-1). The fuel bt, d i:i i)tmLu -
lated as a rectangulilr 8lab on the flour of the enclosure with _l l int*ar

f lameosl)rt, ad velociLy v t)|" (1.2 m/rain arid colzsLanL villut' ill" hunt Fl'lt'ih_iL,

flux Q/A of 395 kl4/m 2. 'J'ht_se life material properties and ;lrt, lndt,i)t,ndvnt
t)f _cale in Lhi.s illodt_io

If each fuel bud is ignited along one edge, the Lime Lo reach thu

opponlte edge t s would be linearly related it) the enclosure scale. In
Lhis example, the fire would burn across the fuel bed in Enclosure 1

in 5 minutes, il in 10 minutes, and 111 in 15 minutes. The same Limt, "

scale relationshi I) would I)e Lruu if tile fire is started in ont, Ctll'llt, r t,r

at a point in the center of Lilt, fuel bed. The value of the mixt*d .,t._ln

adiabatic tempcraLure rise ATm may be calculated for the spreading fire
ill tile t|lreu ctlclosures as

ts

Ii °I.dL (Q/A)bvi 2• S

A'l'nl = t'_,V_ ....... 2cpV e (for edge JgniL iun)

/

The tempcr_lLure-versus-tinle-scale relationships for thv _';tst,s el

ril,.liiiJ flilnlt, spry, lid (e.g., point ignition) and l%r a constant hi'lit re least,
r;lt.e (¢_.g._ p;lll el glisoline) haw, also bt_en calcul;itt,d usi:lg the ]n,_lt

rt, leiist, r;itt,:_ dt'I'int'd in Lht' previous :¢t,t'tion. 111 4,_i¢'11 ('_l_;l,, Iht, til:,_,

tO ri,ilch il spt,cil i¢' t.tqlIpt, rilttll't, [:; l int,ilrly rtiJiltt,l to tht, t'tl¢'ll_:ill1"l' ,'4¢'i11_',

with nir tt,tnpt, rnthr_,_ rJ.qill_; Jil.'-itcr in smnll t'nt:'o'.illl*l's. 'rht, ;IVl'l'ilt'3'

;;ir [(_lll[)t'r;ll.t[rt' Wll I II1 tht' ¢,llt'iOstlrt, ri,;tt'ht,d ill ;i ,,lv¢,ll [)h/ist, _ll f Jll,

dtwt, lopment (stit'h its t.s) wi}uld bt, till' 8illlh,'. 'I'ht,st, initinl tt,lnt)t'l"i|tllrt
t:aJt'BiilLiOllS II|_lV Iio! Ill, ilpplicilble to or vllid for tiqlIpt, r;itHl"l, \',llth,t_

IIItlt'h ililOVL' '_(l() ° or /,{10"(', tlt't';lllSl' _)t [It';IL IoH,'4t'8 lind Vt'lltil;Ititm t, t lt,ct:_,

but ttW._it ' l_wt, r t t,llll_,l';titlrt,_ ;tl't, in tilt, r;lllgt, el t'¢llli't, rll l llr htllll, lll

toJerilnt't_ to ht_,lt.

Ihll)li.qhvd dntll lied iullllysis mt, thods _lrt, :lv;lil;iblc tor th.t_,r;uining

Lt, nll)t, rilturt,.,a |11 t,lll' Io.qt|l"t,,q dur {I)g t ill 1V di'vt_l.opt'd, Vi'llt i lilt /oll-t'lqll I,_l It'd

burning (Rt, t_. ;!E, }l), }/_). 'J']lt':;{' tt, lnl)t,r'_ltl_rt,,'4 usu;llly wiry I),.'tw_,_m

900 ° mid 12()(I°( ', mid ;irt, t)ril:lnrily n fullc.t ion of Lht_ vt,nLilation l;i_'t_r

All 1/2 lib wt, I1 _ts tirol, ;1lid w_ll nl_ltt, rial_. It is antiripatt,d th,tt the'

temi)i, riltttl'i, di,'_tril)uti_m ill ;in t'llt'i¢l.'-iUl't' ;IH 11 fltllt'Lioll l)t" t imt t'itll 1)1'

I)(ntnded ;1rid ('}l_lr;l<'t_'ri':t'd I)y ;ItZ ;lt)l_rol)ri,'ltt, t:ombJn;It i(m _t" the, vnlcttl,ltvd

.'/rll I v;llu(,.,4 (I,'i_4ur_, J-l) m}d th,., _':llculdtt, d vt'ntil_lti(m-{'{)ntrollt'd t_,mp{,rn-
Lure, Vilill¢'S it.'-i ilV,liJ,lt_l¢' JrOlll t, xi.qt illg ;lllil['v'qi.,.q nl_,ll_,_d.-_. 'l'lli_ ;L'41,t','t ,_l

_-2
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ENCLOSURE

ENCLOSURE Z

2cpV ENCLOSURE I

_,,__W_m' _=_v _0,2 m/rain
b= 1.0m

c 0,0167kW-mln/k9-°C Af 1.0m 2 Af 4.0m 2 Af , 9m2 °'

p_ 1.2kg/m 3 V_ _68m 3 Ve - 545m3 Ve - 1839m3

1300 l I I I I I I I I I 1 I I I I I I I 1 /

1200-

I100 l
MAXIMUM TEMPERATUREIN
VENT-CONTROLLEDFIRES

iooo _

_- / _ 7--_-
• 8o0_ / /
: / / /

:/
"i ti °

3OO

e

0 _._,_'_l I l l l t I I l l I _J... 3 • I 1 l
0 5 tO 15

1

TIME to rain

FLgure 3-1. CalcuLated HLxed Heart _dlabatLc ALl: Temperature Rise In
Three (;eometrically Simil.r Ene,losure Fires
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fire characterization requires further investigation, as dot, s tilt. t,t),_',il, lr

relationship between a suitably modified Tm value and tile t la.'q.)vcl
phenomenon.

13. SMOKE AND TOXIC GASES

Tile quantity of smoke and toxic gas relea.md during burllJn?, ill_l% t)t'
treated in a manner similar to tile above analysis for tt.llll)t,r;lturt,._. I llr
quantities of smoke and toxic gases released per unit mass t,I ittt, l al'_'
subject to a wide range of variability, ilowever, they tend to bt, uniqut.l_'

related to each phase of fire development. For exampl , doris), ixtit i,ll
fire spread, tile fuel tends to be told and there is excess vvntilatitul,
which would yield spectft, c gas and smoke evolution characteristics.
During a period of ventilation-controlled burning, tilt, fuel would bt,
heated by feedback from the hot trapped gases and there would bca sl.wt-
age of air. Tile volatile product and smoke, yi.etd for this situati.n may

possibly be directly related to the ratio between tilt: potential hi,at i
release rate _f as defined by the fuel surface area and the vent-,'ontroll,,d

heal re.tease rate defined by the induced air supply Qf/_v, botts (,1 which
can be calculated regardless t," which constraint is controll.ing.

The fraction ,imoke yield (designated as I') of several fuel tll;itt, rials,

in terms of solid and condensible liquid products, has been meastlrt,d
.i

(Refs. 40, 4t) and falls in the range of I0 to 30% of kilt: mass of lucl
consumed.

As defined by Seader and Chten (Ref. 40), tile mass optical dvnsll.v i
bleD may be a useful experimental correlating parameter which would I)t, ¢
directly related to tile mass rate of burning during a particular philst,

of burning. [t in defined by the relation

DsA f Ve Io
NOD = 2_. = log Im mL o(T )

wlwre i1s is tilt' smoke-spinel fit: optirai density determined in a National
Bureau of Standards smoke chalnber, m is the fuel mass loss, I, is tilt, lit,hi

l)vam length (or visual path), and Io/1 Is the reciprocal of light
transmittaxlc.e (e.g., for 2')/,, light transmitted, the value of Io/l w_,tlld
be 4.O) .

Tilt' |'uel mass loss In this case is tilt, same mass loss illt,;lsttr_.l ill I

_1 t'tlt' I t'tlllll)llSt i(H1 t'xpt'r [mt, llt to ll|_,,ilSllrO hi,dr rt' leilst,. 'rht, rt, l,_rt,, t Ih'

initial rate of smt)kt, gOllt, riltitHI ('till hi' related dlrt, ctlv t_ tilt, r,llt, ,1!

lit'at rt'lt'asv qs if both are I_roimrt tonal to thv ratv _f m, ls,,_ 1o:;:; ':_ do| its:,',

bllrlling. Tlldlt is, tilt, tOL;ll IIlilHS of smoke i:4 rt, liltt, tl to ill,. [){irl}i:_,, r.lf,,

and h_,at rolt,;Is_, r;ltt, by

o

smoke mass / fQdt............ "t_dt ....
r =. AH

}-4

I
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if the mass of smoke ruh.asud in LhL. enclosure Is uniformly distributed

prior t,) dilution by induced air and if an applicable OXl)erlmenLaJ value
ot HOD is available lor Lilt: fuel of interesL, then Lhu averal4e light
transmission Ln the enclosure as ;l function of tlm_ can be caJculated

from the 'drove. relationships as follows:

I

= Me. C &it

Although this idealized wJluu does m)t vxi._t in ;,_.n,.r.l, the effects ¢)1
varying heal release rate, enc'losuru v_,luln_ , i'.Jtil lent4th, ;|rid smoke
fraction can be assessed. The appli,'at i,m ,,I .m appropriate stratLficathm
factor would yield more realistic est im,_t,,:_ el stm)ku distributLon as a
function of time during the initial firv ._l,r,,.ld I,has¢' alon_4 wiLh the ,,
usLinmte of air temperaL,,re rise.

The val.ue of toxh- gas COllCulltrati,_P. cmlld bc treated in a similar
manner during the lnttial f/re spread ph,lsv. If tile combustion or
pyrolysis of a given mass of fuel ylclds a known weight of toxic product
(such as CO or tiC1), its average concentration is proportional to the

. . 0

toLal mass el fuel consumed lmdt and inversely proportional to tile

enclosure w)lume Ve. Again, it is anticipated that during ventilation-
controlled burning the ratio of ritevenLilation factor to the fuel area

can uniquely control tile toxLc gas yield, composition, and distribution.

The ('ompleX relationships and feedback functions which would exist

i; in an enclosure among fuel coml)osi.tion,flame spread rates, air Lempera-I
_' lures, Lime, and tilt: heat release functions are tile subject of conttnui,tg

sLudy, tlowever, It in believed that these i.dealized fire characterization
relationships can 1)roy[de a coherent unl fying framework for integrating

li experLmental data from it wtrLety of mate.rLal tents and prototype _.ncl.osurefires.

3-5
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SECTiON IV

IIAZARD ANAI,YSIS AND FIRE CONTROL

Two general categories of fire hazards are the hazards t, Immans
aIld tile hazards t() materials zlnd structures, ill general) humans are more

sensitive and (,asily damaged than structures, liowever, people can usually
be ev_lt'uiitcd from the fire vicinity in a short time and without the fire
necessarily being under control.

Fire control may include containment within tile enclosure as well
as extinguishment. 'i'ht._ (,ftu.t Includes appropriat(,_ly controJling and
altering the enclosure w, ntilation, either to gain access to the fire or
to exclude air and prevent fire, smoke, or toxic gas from spreading to
ad.]acent areas.

Calculating and plotting the RERC can assist in characterizing the

fire hazards and assessing the effects of wlrious fire control options
during the applicable time periods of interest. In one sense, this anal-

ysis approach does not add anything new to existing fire technology
since it relles on existlng data, testing methods, and fire control tech-

niques to provide answers. Howew, r, this analysis approach provides a

unifying framework for data presentation and graphically relates the

different phases of potential fire development, making it possible to
apply data from a variety of sources to both familiar and new fire ,_itua-

tions as well as to make preliminary hazard assessments and define the
need for more specific data and testing techniques,

Two examples of tim application of the RERC are presented and dis-
cussed to demonstrate their application to existing data and to hypotheti-
cal situations.

A. EXPI,:RIHENTAI, FIRES [N I,:NCL(_SUI{ES (FX,_2IPI,E 1)

'rwo well-documented studies of experimental fires t n enclosures are
presented by Tewarson (Factory Mutual Res¢_arch) in References 12 and 23.

Data are included for three fuels: wood, ethyl alcohol, and paraffin oil.

These investigations were undertaken to study the generation of smoke and
toxic products under wtrlous condltlons with the ultimate objective of

establisblng approprlato scaling parameters for building and laboratory
enctosttre t'ir_'s.

'{'ew_lrson's rallies of enclosure volume, fuel charactt, ri,qtic,,, and
veDtilati()n factors have been ttsod it) c;llculate the five RERC v,llu(,s and

it) plot them for one wood crib fire as shown in Figure 4-1. Heat relt, ase
;rod fire sl)ruad rates for the wood cribs were estlmated from tlm given
fttel mass V*llttO,'4 and from maximum (,,quivalellt burning rat(., data from
Rt, fert,llVt, "_4. which provides appl |('able data on crtb I)ttrntng ('h,'tra('teris-
tics. The e×perimental httrnit_g rato-w>rstts-time data, which apl)t,.r to
hay(, a ('v('li(' ('harm'teristlc (Rof. '.).3), ar(, plotted In Figure 4-1 ;Is h_,at

• O

release rato Q using a heat of ('()ml)ust i()n for wood (_f 270 kW-min/kH. '['he
value used for f]a)m, Sl',r(,ad rat(, t.hr().gh the (.rlb is probably th(, least

4-I
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B. IIYI'trI'III"+TtCAI, I{()(),_I I"IRI", (I':XA,_II'I,I '', 2)

The t_llt'l_+_+.;111"+..!described in l,'iFure ,'_+2 rep1+usunt+'; ,;e\,cr,II l_,;_/hlu
fUllClt+sul't's ,'Ind v;ir[;it J,,11,_ tJlort,t,l'. IL mi+,ht l)e Vi,;u,ll iz_,d ,I+; ,i living

room, ;Ill _lJr¢'r;lI't c_lhill+ ;| tr;Lil._[{ \'_,!hJc[c+ or tl st(_i'_ig, o t'otllp_ll'tJlk'il[.

The sl,:ut_'l] II;Is I)¢'cn ';lint) lit it'd, hut ._;+.'VLLI';II Iddt'd ''_)tllplc:¢.[t iCq (_'._,*+

I
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Ventilatlon Factors AH 1/2

(l) Door

Dimensions = 2.0 x 1.0 m

o

All!12 = (2)(i)(2 I/2 ) = 2.83 m5/2, Qv = 4471 kW

(2) Window

r Dimensions = .L.O x I.{}in

AH ]/2 = 1.0 m5/2, Qv -- 1580 kW

4 (3) Small vent

Dimensions = 0.2 x 0.5 m

AHI/2 = 0.044 m5/2, Qv = 69.5 kW

The RERC for this example have been plotted using log-log coordi-

nates to allow consideration of a wider rang_, of parameter valu_,s.

If the fire is ignited at a point ill the center of th_ carport and
spreads radially, the initial spread-]imlted heat release rate is

Qs = ((_,/A)_v2t2 t

or

(_s = (100)(_)(0.]2)2t 2 = 4.52t 2 kW

Since the fuel mass per unit area of the., _'arpet is l imitt, d to
1.5 kg/m2, the maximum tot. l II_'at release p¢,r unit area (!/,\ wcutld b_,
limited to 405 kW-min/m_. As tim flame continues to spread, it b_,conl_,S

l.imited by the, expression

° = 3¢). btQs ?';t (Q/A) v2t =

'l'ilest, two limits ;iml t.ht, ir inter_,L,_'ti,,n arc sl. nqn in I.'i>_.rc 4-3.
The Jntersectiotl of _h__. two heal rclt'a.'4t' r;it_' l imtt._ occur.'4 ;it t_.l iniimtt,._.

Tim v:lJut' (11" tht' 11/iXt'd tl/t';lll ,_di;Ibat ic tt'llll}_'l',tttlrt' ri_;, "1..: ,,ll_ !_

calculated as dcscribtd I)re'v_.t,_;Iv. It re,Iv bt, nltlrt, tl:at, lul t_ ,,tlctll,ltt,

Lilt, Lime' ilL wtli.ch ?,Tm wotlld _,:.a'_u'd soint, Slu,cif led V;lltlt', tall,'h ;I.'; tl)()_'t;,

which would bt' lmst'd llll lilt' l. cllilit'PiltliFt! riH_' t'qil_lt iclll l_lf t'l;iinu r;tdl;il
spre;ld liver Lilt' carpt, t _llOllC.

4- 7
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II.

o

^Tin= (qZA_-nv2tX
3coVe or 3.21t 3

or the time to reach 300°C

/'me /3
t300 = _3-7_71 = 4.54 rain

Tile relative effect of changes in heat release rate, flame, spread w,lo--

city, or enclosure volume may be estimated from vhe abovt_ _,xpr,..,_siml.

The enclosure volume criterion curve is plotted from tilt,

expression

• 58Ve
Q .... kWt

o

On the log-log coordinates, this curve is a line through Q = 1600 kW at
t --1.0 rainwith a negative slope of 1.0. In a slmilar manner, tht, lu_,,l

load curves may be added to the graph as shown. Tlle fuel load curves lt,r

the carpet alone, for one seat, and for the carpet plus two seat,_ ll,tVe
been p]otted. The fuel surface-limited heat re.lease rate ¢'urvvs f,,r tl,,

seat (wood crib) and for a gasoline pool have been plotted ;t,_ illlit v,tltl,.S _,
on the left side of the figure; the values can he summed as appr,q_ri_ttt.

The ,tantilation limit curves tor tile door, willdow, /llld vt.ll. ':,,v,.

been plotted on the right-hand side of tile figure ba._ed on tile _.xprv:;>;i,m
for ventilation-controlled heat relt;ise rate

o 112
Qv = l _8OAH kW

The fivo RERC plotted in the mann_,r l_l'_,sonted itt }.'igttr_, 4-3 i:l,lv ;l,,w {,,
u,_ed to evaluate st, veral firs, St't'll;ll'iOS alld fire control optitul.,,. A t;_t;:,.
bvr tlf preliminary obsvrvation:_ are OtlL] ined below, 'l'ht,se ._r, i_;l:_,,d ,,,l
greglt]y sJl|ipllfit%l _ls,;lttlll)LiOllS gts llott, d. Complexiti,,:_ illld stq_tli:;t i,;:t [,,:,
may I)e adthed as the critical lift. ph;ist, is identifit,d ;lnd a,_ ,lv,_il,l _,:,

dllta warrant, t

(1) For Lilt._ t:glrpot ;ilOllt., bltrning, rt_olll vontililtit_l_ w,,ti[d n_,t
/lflt't't Lilt' fire spread ;tnd [lO;lt reledst, for tilt, f iI'_t / t,lilJ-
ut_,s bet'attst, of tht' ;|dt, qtu|te initial illl" supply, li,, l', l,,I,.,
OpOllitlg tilt, d_or LO g_|in ;it't't, ss _1" t,,,;t'ilpt, wt,ltld tlt.t .t!t_.l '.'J,
llrt, intt,llSit.y. C[osftlg nff all ,,'t,lltillltf_lt _.,'t,tt{<{ !_. ' ;_ 1, t
Li_k' fire' pl't_gress tllltil ;tft.t,r t.ht. lirst 7 miuut,._-.

(2) I.'or tilt, t:iil'i)t'L ;llld ont.._;t.;lt Ill[ Ix' i tlvt,lvt,d wit il v, lit i{,tt , II
pr_widt,d nlllv by tht., _}p_.'ll witldt',W, thw Ill,l: ilmu:i ilt'.,l It ;,._ ,

I

..... . :: ...... = :: _ $f

......... v ......... > ........ = " ......... " ' ' ............ m .' i_t_'* d
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1

rate would remain fu_-,1 surface controlled; hence, heat release
would net be altered by further increa._e in ventilati,n. If

tile seat becomes fully involved within 1 minute after ignition,
it would burn for abeut 7 minutes or less at the maximum heat
release rate.

(3) For burning gasoline spread ever a i mI area ti_u tire b,.,come_;

ventilation con£rolled by window-only ventilation. II th_
door is also opened, fire intensity in the enclosure would

increase; with the door closed and the window opus, vaporized

t unburned gasoline would exit the window resulting ill flames
outside the enclosure.

(4) The fire due to any combination of fuels which is ventilated

only by a small opening (AHI/2 --0.044) would develop until

it encountered the enclosure volume constraint, and then it I

would reduce in intensity to the heat release rate determined

by the ventilation limit (_v = 69.5 kW). However, excess
volat_les would probably cause either fire oscillation or
flaming outside the enclosure. Tileduration of the fire

would be approximated by the intersection of the vent limit"

curve with the appropriate fuel load curves. For the carpet
plus two seats, the burning time could extend over 3 hours.

Variou_ heat-release-rate time profiles could b_, approximated by "|
summing individual heat-release-rate prolLles i| the sL.qut,m_::__,f igni-

tion and flame spread rat_,s could be approximated. Using the, _'ritvria in
Figure 4-3 and a pesLulat¢_d heat rel.eas¢_profile for a single s_,_it(such
as could be measured in a laboratory test), o numb_,r of fir_. seminaries /
may be examined. Figure 4-4 presents one potential fire duvel,,pn,ent
profile based on the following pos+.ulates:

(1) 'l'ht' fire is initiated at one _.nd of the.' t.ncJ_,._tw_, by I l it_.r
_if g,asoline _pi l led ov_,r a l m_ _|rt,;l ;|lld i_.,i_it,,d.

(2) The enclosure, ventilation i,'_ on_' window.

(3) "l'w,._seals, side, by :_ide, ,irL, l,_'al_.d ',,'ill, ti_. _,i,l,. ,,:
t,hu first ._eat at 1,3 m from ti_e spill_,d _.a,_,11in, .

(4) The total fut, l llmd _'_ll,"¢i,';t :_; el t]l_'< g,;l_OJ i'h', _ ;II'[11't _ :ll_d

two suat._; ,",HFm = l'),b _2 kW-min -.: ,ttidt

(b) '.l.'hu c arl)t,t I)urnizt_, rate altt_r tilt, t'l_zl:a, :_i)r,.l(i:, t,) tt,!.
wall J)t'C()lllo.'4 ('()lh'Nf.;lll[..'l.'_ [[; J)tlrll._ Lilt! lt, llgLll _[ lil{, I'{I(HII:

l",xaminal Ion el the. comp_,_it_, lift, ch,v_,llq_m_,nt pr_fJlu in Ii_,',_trl , '_-_',
indi_'att,._ thdt w[tJl kill' W[IltJ¢_W ,tJt1'll tilt' firt, wt_uld ,_lw, l,,':_ ;_,. ',,,.I ,_,'I.i,,
¢'¢mt.rollt, d, Tilt, iui'.ial ll;l:_ll lir,' tilt!' t_ t.itt l liter ,,! ,.,_... ill,. ,,.,.,,_l,l
last less than I minttt¢, and would not h_, vt,ntilat, i_u Ii_,it,.,t _,_. _,t,._. ti_,

4-q
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gasoline fuel, load (Q = 566 kW-mln) Is much less than half tile enclosure

w_l.urae l, imit (qe = 1600 kW-mln). The calculated mixed mean adiabatic air
temperature rise ATm would be approximately IO00°C within a few seconds
due to the gasoline. This is consistent with an almost cxplnsiw, effect
in the room if l Liter of gasoline is spilled on the carpet and tgni.ted.
After the first minute, the fire would reduce to burning at a relatively
low heat release rate until the seats ignite. If the air temperature is
being monitored in an actual, fire of this type, one would expect an ini-
tial air temperature surge followed by a marked reduction due to heat
losses and a subsequent steady rise in air temperature with continued

' carpet and seat burning. This type of fire response has been reported
for several test fire situatinns (Refs. 17, 18, 34).

4-1 I
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SECTION V

' CONCLUStONS

i V. CONCLUSIONS

This report presents an enclosure fire model lag _lppro;lc'}l based on
' _he grapiii.c presentation of five relative energy rulease criteria (RERC)

which individually constrain the rate and tile total amount of energy
released during tile course of an enclosure fire. 'this fire analysis
appro_lch does not re.place or supersede exi:;ting fire analyses but
provides a coherent unifying framework or common base for relating and
integrating available data and analyses for different fire phases.

In this .nalytica] approavh, simplified definitions are presented
for fire characterization parameters and their interrelationships which
control the fire development ;llld the consequent gas temperature.s, smoke
densities_ and coxic _;as COlleen|tit|ions.

"lh<, effe_cts el heat trt|llSpol-t phenomenn, fluid fl_)w patterns,
cumpl_.:< interact ions, alld fo¢,dl)iick ut'fe.<:ts have "ot been considered in
d,.,tail. These t,llt_'ts ha'.'L, bt,¢,ll investig_ited by other._ for spt.,cific
fire situat:ion,_;, ,lad in st_lllt! C<i,'$t_Stheir results ln_ly b_, used directly *i
ill the pl'OSellt exodetinR ilpproach.

l'his n_,xh,} i_w ,ipprt>_,,.h is <ld;tptablo t,_ t,_li|lplltt,r IJ|Ii}_alIalll|llJ]]g; the i

ro-ll ¢'omplexitios r,mv bu im, ludt,d whel_ Wal'r;lllto_l ;llld fu;lsib]o. _,

l'hv typL,s ,>i tire it,st dilt,l and materi;lJ pr¢,pt,rti¢...; _,}li¢.tl lliay |)t,
,_I ::l_}._,t V/llut, ill predict inF, lit'c, dt'VelOpl|lellt tl't, su_,_,,ested. A lip;it
rt, lt"|,)t, I',itt, ,_il_)Yim,,t_,l" wltl_ t!),. ,,ap;t|)tlttv ,)t ,tl_., lht',l.%lll'i;1}_ laIItSS

It)SS rittt'_ tt_Xic ',;,t._t':;, ,lllr.t ,ql_;_'i".t' pY_)dth't icm t I%)lq Illill. OYl_il:; ;illd

t't)ll]p_lllt'll[:_ h,lvill** ill'C_'Lttllil" :.'t''_::lt'try CoIlld b<.. u._ud t,, pr,wi_;t, d,it_l fill"

4l>plicatJoli to :i wid_ v,iri_,tv ,,l complex eta,'l_,sttrt,s ,ind i ire ltmds.

lili,, ,lll,llxti,,ll ,li,i,l,,, ,I ',111 bt' dirt,, t l, _l:_t,J il} it,; ;_l,,:;_;lt l,,rn;
[_, iiSe_,'e;e; tilt' V,'ll it!j|', t,l ,l_q:,lll;qll i_l|._ miin{, irl , llll.¢.llt _lii I-,:,,',il_' t_'>;t
l:_,.lhod:,, k_'itii lttl'tit_'l" d_.vt.i_qq;it l|t , [_t'ttt't" , .';f il:i;|tt':; :,_l tt.lil[}t'i",lttirt':-;_

.-,l;It,l<t.' dt'll',it i_.':4, ,lll_l [t!;.;i_.' )',;1:, , tlllt't'lll, l'ill, it'll_, w,,lll,t 1., I.m:iblv. (lint'l"

lit'" !lilt'lh'l_R'll,I '_thil ,l:_ I l,l:_tl_'_,'t'l ,lilt[ pt, rft_dit it',' I');tV .tl",' ':i, Id it' I:tt,l'l'

,',_i_q_,,'tp ,t|lallV:_i,_ t|_,i:l_' t!li:, ,>'dr I iIU', .q_pr,,.|, [i. I
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SECTION VII

NOMENCLATURE

A = Ventilation opening area, m2

Af = Fuel surface area, m2

b = Flame fron," length, m

c --Specific heat at constant pressure, kW-min/kg -°C

Ds = Smoke specific density

Fm --Fuel mass, kg

g = Gravitational constant, 9.8 m/s 2 a

H = Vertical dimension of ventilation opening, m

AH = Heat of combustion, kW-min/kg

io/I = Radiant intensity ratio "|
i

KI,K2,K3 = Proportionality factors in consistent units
i

L --Optical path length, m /

m --Fuel mass loss, kg

• --Mass flow of air, kg/smair

Q = Total heat released, kW/min

Qe --Total heat released by complete combustion of air in
enclosure, kW-min

Q/A = Total heat released by complete combustion of unit area of
fuel carpet; a material property, kW-mln/m2

0

$ Q = Heat release rate, kW

o

0a ffiAverage rate of heat release, kW

_f ffiFuel. surface-controlled heat releas_ raLe, kW

o

(Is = lie.at release rate during flame spreading, kW

I. kW
Qv = Vent[lat[on-control,.d heat releast' ratr,

_/h = Heat release rate per unit area; a material propt, rty,
kW/m 2

7-1
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I

R - Fuel burning rate, kg/min

T " Temperature, *C

ATm = Mixed mean adiabatic temperature rtse, °C

t = Burning time, mln

te = Fire duration, min

ts = Time for fire to spread to total fu_,] surfacu, mln

Ve = Enclosure volume, m3

v = Flame spread velocity, m/min

F = Fraction of fuel evolved as smoke

P = Air density, kg/m3

NAbA If'l t'l)m' t A _ ,

7-2
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